Abstract-Millimeter-wave radiometric measurements obtained from the NASA ER-2 aircraft over the arctic region on May 20, 1998, were used to estimate precipitable water (PW) in the range 0.60 g/cm 2 . The approach is a modified version of the recent work by Miao [1], which utilized the radiometric measurements at 150, 183.3 3, and 183.3 7 GHz of the SSM/T-2 sensor to retrieve PW over the antarctic region. However, Miao has implicitly assumed a surface emissivity that is frequency independent over the 150-183 GHz range. This assumption turns out not to be a good one based on the airborne measurements described below, and the errors introduced in the PW estimation were substantial in many cases. It is shown below that four-frequency radiometric measurements in the frequency range of 150-220 GHz provided a robust retrieval of PW, while allowing for a surface emissivity that varied linearly with frequency. The retrieved PW compared favorably with that calculated from rawinsonde data at two widely separated locations. The differences between the retrieved and calculated values are not more than 0.02 g/cm 2 , which is smaller than errors associated with measurement uncertainty. It is found necessary to account for the double side-band nature of the 183.3 GHz measurements in the raditive transfer calculations for development of the retrieval algorithm. The PW values estimated from the algorithm developed from single side band, 183.3 GHz radiative transfer calculations could be in error by as much as 0.10 g/cm 2 . Finally, the effect of surface temperature variations is shown to introduce only a small error in the estimation of PW.
I. INTRODUCTION

R
ECENTLY, there were a couple of studies on the retrieval of precipitable water (PW) over the polar regions, using the radiometric measurements near the 183.3 GHz water vapor line from the Special Sensor Microwave/Temperature-2 (SSM/T-2) onboard the Defense Meteorological Satellite Project (DMSP) F-11 satellite [1] , [2] . These studies provide a new method of estimating PW on a continental scale that could help determine water vapor budget in the high latitude regions (e.g., Antarctica). Monitoring the state of atmospheric water vapor and its transport into and out of these regions is important toward our understanding the state of balance of ice sheets and its effect on global sea level [3] . The method becomes feasible only when the atmosphere is relatively dry so that water vapor and surface emissivity can be estimated simultaneously from the multichannel measurements near the water vapor line of 183.3 GHz, as qualitatively illustrated earlier by Wang et al. [4] . Publisher Item Identifier S 0196-2892(01)02094-0.
Moore [2] used the measurements from the 183.3 3 and 183. 3 7 GHz channels of the SSM/T-2 and the surface temperature values derived from European Center for Medium-Range Weather Forecast (ECMWF, to estimate PW and surface emissivity simultaneously over Antarctica. On the other hand, Miao [1] initially applied the measurements from the 183.3 1, 183. 3 3, and 183.3 7 GHz channels of the SSM/T-2 to the retrieval of PW over the Antarctica. The surface emissivities from these channels should be nearly identical and thus would not introduce error in the retrieval. But the useful range of this approach was limited to PW 0.2 g/cm . To extend the range of the retrieval to higher PW values, Miao was forced to use the combined measurements of 150, 183.3 3, and 183. 3 7 GHz, assuming that the surface emissivities from these channels were nearly the same. While this assumption of frequency-independent surface emissivity might be valid in that particular study based on a comparison of retrieval results with rawinsonde data, the errors caused by deviation from such an assumption have not been discussed or assessed [1] .
In this paper, we report the retrieval of PW over the arctic region from the radiometric measurements of millimeter-wave imaging radiometer (MIR) [5] onboard the ER-2 aircraft. The aircraft was stationed in Fairbanks, AK, and participated in the FIRE III First International Satellite Cloud Climatology Project (ISCCP) Regional Experiment III Arctic Cloud Experiment (ACE) during May 13-June 7, 1998 [6] . Onboard the same aircraft was the moderate resolution imaging spectrometer (MODIS) airborne simulator (MAS) [7] , which could have provided surface temperature measurements along the flight track. Unfortunately, the thermal infrared channels of the MAS were not functional during the initial phase of the experiment, and the information of surface temperature was not readily available for MIR data analysis reported in this paper. As a consequence, the algorithm developed by Miao [1] was adopted here initially to retrieve PW from the MIR measurements and found to have difficulty in the assumption of frequency-independent surface emissivity. This is because MIR has an additional channel of measurements at 220 GHz, and the effect of frequency dependence of surface emissivity on PW retrieval can be readily examined. The algorithm is thus modified and improved to accommodate the frequency dependence of surface emissivity. The estimated PW from the new algorithm is found to compare favorably with that derived from rawinsonde data. The errors resulted from the assumption of frequency-independent surface emissivity is assessed from a comparison of PW values estimated from the original and new U.S. Government work not protected by U.S. copyright. algorithms. Another two factors affecting the PW retrievals, not discussed by Miao [1] , are also examined in the paper. These are the double side-band measurements around the 183.3 GHz absorption line and the uncertainty in the surface temperatures used in the development of the retrieval algorithms.
II. THE MEASUREMENTS
From May 15 to June 6, 1998 , the NASA ER-2 aircraft was deployed in Fairbanks and participated in a major field campaign sponsored by the NSF, NASA, NOAA, and DOE. The measurement program involved a number of aircraft and surface-based stations. Some of these measurements extended over several months to a year. The NASA component, the FIRE III First International Satellite Cloud Climatology Project (ISCCP) Regional Experiment III Arctic Cloud Experiment (ACE) consists mainly of the ER-2 aircraft, which contains a host of active and passive sensors covering a wide range of electromagnetic spectra. Among them is the MIR from Goddard Space Flight Center (GSFC), Greenbelt, MD, which measures radiation at seven different frequencies of 89, 150, 183.3 1, 183.3 3, 183. 3 7, 220 , and 340 GHz. The lowest five-frequency channels of the MIR are essentially identical to those of the SSM/T-2. As a consequence, the MIR measurements provide an excellent means of validating and extending the work of Miao [1] described previously. The instrument is a total-power cross-track scanning radiometer with a beamwidth of about 3.5 independent of frequency. The temperature sensitivity is 1 K for all channels, and the calibration accuracy is within 2 K for channels 220 GHz. The 340 GHz channel was installed and flown for the first time; a detailed analysis of data is needed to assess its calibration accuracy. The general operation and description of MIR can be found in Racette et al. [5] .
The data set acquired by the MIR on May 20, 1998 was selected for this work because the measurements were made over an extended region of clear sky. Fig. 1 gives a sketch of the ER-2 aircraft flight track covering a latitude range of 68 N-75 N. The aircraft took off around 1840 UTC and headed directly to Barrow (71.3 N and 156.8 W). In the neighborhood of Barrow, the aircraft made four passes over the same area between waypoints A and B, and then headed in the northwest direction toward waypoint C. It then changed direction and flew directly north to about 77 N latitude, and turned and headed back to Fairbanks. It flew over SHEBA camp located at 76 20.31 N and 166 37.45 W. Data acquired from the whole flight were used in the retrieval of PW. The retrieved values of PW from the flight segments AB and CD only were shown and discussed in the sections below. the six frequency channels of the MIR from the Barrow rawinsonde data acquired close to the time of the flight. A calm water surface with a temperature of 273 K was assumed, and the dielectric permittivity model of Klein and Swift [8] as well as the atmospheric millimter-wave propagation model (MPM) model of Liebe [9] were used in the calculations. With the exception at 150 GHz, the observed and calculated values agree to within a couple of K. The measured values at 150 GHz are lower than the calculated ones by about 5-6 K. Part of this discrepancy could be traced to inadequate calibration for this channel, as another MIR ground-based measurement of down-welling millimeter-wave radiation in Barrow, AK, during March 1999 also showed lower than expected values. Another source of the discrepancy could be due to inaccurate results of the calculations. Using a more recent dielectric permittivity model of Stogryn et al. [13] , the calculated values were lower by about 2 K.
Ideally, one would like to retrieve PW from the three water vapor channels near 183.3 GHz alone, because the surface emissivity for these channels would be nearly the same and could be simultaneously estimated in the retrieval process [2] , [4] . However, the surface temperature will have to be measured at the same time in this approach, and the thermal infrared channels of the MAS were not functional during the first few days of flights, including the clear-sky flight on May 20, 1998. Instead, the method adopted by Miao [1] will be explored and modified to obtain PW from the MIR measurements along the ER-2 aircraft flight track.
III. RETRIEVAL ALGORITHM
The algorithm of Miao [1] utilizes three frequency channels near 183.3 GHz from the SSM/T-2 sensor onboard the DMSP F-11 satellite to retrieve PW. Using the three channels at 183. 3 1, 183.3 3, and 183.3 7 GHz has the distinct advantage that the retrieval is not sensitive to frequency dependence of surface parameters; but the retrieval is limited to PW values of 0.15 g/cm . For PW values 0.15 g/cm , Miao [1] uses measurements from the three channels at 150, 183.3 3, and 183. 3 7 GHz, assuming that surface emissivity is the same in the frequency range of 150-180 GHz. This latter assumption, if not correct, could introduce a significant error in the estimation of PW, as demonstrated from results of the MIR measurements in the next section. Besides the five channels between 90-183 GHz covered by the SSM/T-2, the MIR provides another channel at 220 GHz. This additional capability allows a reliable estimation of PW, while exploring a possible frequency dependence of surface emissivity at the same time.
To arrive at the algorithm, similar to that of Miao [1] by assuming frequency-independent surface emissivities, for the re- trieval of PW in the arctic region, we first calculated the brightness temperatures for the MIR channels at 150, 183.3 3, 183. 3 7, and 220 GHz. The rawinsonde data used for these calculations were obtained at SHEBA camp and Barrow over the period of March-June 1998. The statistics of temperature and relative humidity profiles as well as the distribution of PW from these data are shown in Fig. 3 . Plots (A), (C), and (E) are for Barrow, and plots (B), (D), and (F), for SHEBA camp. The solid and dashed curves in plots (A), (B), (C), and (D), respectively, give the average and standard deviations of temperature and humidity profiles. The average temperature profiles from these two locations are quite comparable, while the standard deviation of temperature at SHEBA camp is larger at high altitudes ( 10 km). It can be seen from the comparison of plots (C) and (D) that the air at SHEBA is generally much drier at altitudes 12 km than that at Barrow. The PW values at SHEBA are 1.0 g/cm during this period, while a significant fraction of those at Barrow are 1.0 g/cm . In the radiative transfer calculations, the absorption coefficients from various atmospheric gases are derived from the 1989 version of the MPM of Liebe [9] . There are several different versions of MPM [9] - [11] , but it is not clear that any one is better than the other. Furthermore, these versions and another recent model [12] differ mainly in the continuum of the absorption spectrum. Under the relatively dry conditions discussed in this paper, these differences are not expected to have a major impact on the retrieval results. The surface emissivity for all four frequencies is varied from 0.50 to 0.95. Since the surface temperature is not independently measured, the temperature reading ( 265 K) at the surface level of rawinsonde data is treated as in the calculations. It turns out that this temperature reading is close to the ones measured by an instrument onboard the C-130 aircraft flying over the same region as the ER-2 aircraft (see Section IV).
The calculated brightness temperatures are formed into two different groups of 150, 183.3 3, 183.3 7 GHz (group I), and 220, 183.3 3, 183.3 7 GHz (group II), each providing an algorithm for independent estimation of PW. In Fig. 4(a) , a scatter plot of brightness temperature differences from the first group is shown for three different surface emissivities ( ) of 0.55, 0.70, and 0.85. For 0.70, calculated results with 5 and 5, are displayed to show the effect of surface temperature changes. The similar results from the other group at 220, 183.3 3, and 183. 3 7 GHz are shown in Fig. 4(b) . It is clear from these plots that for a given , the data points from all PW values, regardless of temperature and relative humidity profiles, are formed into a well-defined group. The changes in by 5 K shift the data points at 0.70. The shift appears to show the same effect as increasing or decreasing by about 0.01-0.02. Fig. 4 when in reference to changes in . It appears that there is a slight dependence of PW on the changes of . The effect of this dependence on PW estimation is elaborated further in Section V. Clearly, the values of practically vary linearly with those of both and Tb(220)-Tb(183.3 (7) . A linear regression applied to a given group of data results in a slope that is uniquely related to the PW value of that group. Thus, for each frequency group, if a common intersection of these regression lines can be found, then the slope and therefore the PW value can be determined from the radiometric measurements of the three frequency channels.
It turns out that these regression lines do not intersect at a common point, as was found earlier by Miao [1] . But the intersection points from pairs of regression lines lie in a close neighborhood. We take the average of these intersection points and treat it as the common intersection point for the estimation of slopes and PW values from the radiometric measurements. The error introduced by this process was found to be smaller than that caused by a measurement uncertainty of 1 K, which is discussed in Section V. The slope of the frequency group I, therefore, can be written as (1 Miao found that the logarithm of is almost linarly proportional to PW, i.e.
(2)
To see whether this relation holds true for the calculated parameters above, the values of and PW are plotted in Fig. 6 (a) and (b), respectively, for the frequency group I and group II. Two different symbols are used to represent data from SHEBA and Barrow stations. For PW 0.60 g/cm , data from both stations are well mixed, suggesting insignificant effects due to variations of the temperature and relative humidity profiles. The relation between and PW is quite linear from both frequency groups, confirming the results of Miao [2] . There is more data spread for 0.40 PW 0.60 g/cm , a significant fraction of it caused by changes in surface emissivities in radiative transfer calculations. For PW 0.60 g/cm , there is a large scatter of data points, especially those from the Barrow station. This implies that it is less reliable to estimate PW from this approach when PW 0.60 g/cm . Applying a linear regression to data with PW 0.60 g/cm results in the slope ( ), intercept ), and correlation coefficient ( for each frequency group shown in the figure. The correlation is excellent for both groups. The standard deviation for the estimation of slope is less than 2%, and that for the estimation of intercept is on the order of 1%. These linear equations for and PW are applied to the MIR measurements for the estimation of PW, and the results are presented in the next section. Fig. 1 ) where the aircraft are making turns, i.e., the estimated PWs are limited to the time intervals when the aircraft roll angle is 3 . The PWs near both ends of each data gap are derived from measurements over the same region and they agree well in value, suggesting repeatability of the measurements. It is clear that the PW values estimated from the frequency group I are generally higher than those from the frequency group II. The difference is larger near endpoint A than that near endpoint B. The PWs estimated from Group I at 2050 UTC near Barrow station are about 0.1 g/cm higher than that derived from the rawinsonde data.
The similar plot from the flight segment CD (Fig. 1) is shown in Fig. 8 . The two data gaps at 2242 UTC and 2309 UTC again are caused by directional change of the aircraft when roll angle 3 . The large circle at 2304 UTC (over SHEBA camp) gives the value of PW calculated from SHEBA rawinsonde observation at 0001 UTC on May 21, 1998. It can be seen that, in the top panel, most of the estimated PW values from the two frequency groups are quite comparable. In the bottom panel, there are more differences between the PW values estimated from the two frequency groups. These differences are smaller compared to those in Fig. 7 . These variable differences in the estimated PWs are likely caused by two factors. First, as pointed out previously, the MIR measurements at 150 GHz could be on the low side. The impact of this measurement error on the estimation of PW is further elaborated in the next section. Next, the assumption on frequency-independent surface emissivity in the algorithm development could be erroneous. The effect of surface temperature is ruled out because of its insignificant impact on the estimated PWs, as shown in the next section.
To allow for a possible frequency dependence of surface emissivity , we assume a simple form as following: (3) where the frequency is limited to the range of 150 220 GHz, and is a small number in seconds and can be either positive or negative. This equation was used in the new radiative transfer calculations to obtain the s for 150, 183.3 3, 183. 3 7, and 220 GHz, with varying from 0.001 to 0.001 in 0.0002 steps and varying from 0.50 to 0.95 in 0.05 steps. For each value, the procedure of the last section was repeated to obtain the values of four parameters , and . When values from each of these parameters were plotted against the corresponding values, a linear relation was found to a very good approximation. Thus, a linear regression was applied to the values of (which stands for any of , and ) and , and regression coefficients and were found in the following equation:
The values of and for each of the four parameters were tabulated in Table I for both frequency groups. In the process of retrieving PW from each MIR measurement, , and therefore the four parameters , and , were adjusted in each iteration until the retrieved values of PW from both frequency groups agreed to within 0.005 g/cm . Fig. 9 shows the results from this approach. The top panel covers the same period as the bottom panel in Fig. 7 , while the bottom panel covers the same period as the bottom panel of Fig. 8 . All the symbols in this figure, including the large circles, have the same meaning as those in the previous two figures. Clearly, the PW values estimated from both frequency groups agree very well, as required in the retrieval process. All the data points that appear in the bottom panels of Figs. 7 and 8 are also present in this figure, i.e., there is no single dropoff of data points from this new retrieval approach. At times of 2050 UTC and 2304 UTC (corresponding to flight over Barrow and SHEBA camp, respectively), the estimated PW values are about 0.02 g/cm higher than those derived from the rawinsonde data. These slight differences are not more than that resulted from the uncertainty in the radiometric measurements discussed in the next section. Notice that, on this particular day, the air is drier in the neighborhood of Barrow ( 0.4 g/cm ) than near the SHEBA camp ( 0.6 g/cm ), as reflected from the PW values derived from both rawinsondes and MIR measurements. of group I channels assuming frequency-independent surface emissivities (results in Figs. 7 and 8 ) and that derived from the assumption of frequency-dependent surface emissivities (Fig. 9) . It is clear from the figure that in most cases, is positive, which implies a surface emissivity increasing with in the range of 150 220 GHz. In the region near Barrow, corresponding to data coverage of Fig. 7 , positive values of are needed to bring together the PWsestimated from the two frequency groups. A comparison of plots (A) and (B) suggests that a change in of about 0.001 is required to reduce dPW by about 0.04 g/cm . Near the SHEBA camp, corresponding to the data coverage of Fig. 8 , values are slightly positive (most of the bottom panel in Fig. 8 ) or close to zero (most of the top panel in Fig. 8 ). This suggests a weak dependence of on in this region. The largest positive value of 0.0016 from the figure would give an increase of from 150 GHz to 220 GHz of about 0.11. Changes of this magnitude in between the frequency range of 90-157 GHz have been observed over sea ice and snow by Hewison and English [14] .
Although precise values of cannot be derived without concurrent measurements, a crude estimation can be made and compared with the results of Hewison and English [14] . (3), the lowest occurs at 183.3 GHz. This corresponds to the weak dependence of on discussed in the previous paragraph. The estimated values at 89 and 150 GHz are comparable to those measured by Hewison and English [14] over fast ice, deep dry snow, or lake ice plus snow.
V. DISCUSSION
The calibration of the MIR radiometric measurements is based on two external calibration targets that are maintained at the temperatures of about 330 K and 250 K (at the ER-2 aircraft's cruising altitude of 20 km) [5] . The physical temperatures of these targets are continuously monitored to better than 0.1 K. During each scan cycle of about 3 s, the scan mirror is directed to view at these targets for 0.15 s each. Beam efficiency and local oscillator reradiation, however, limit the calibration to about 1 K in the Tb range of 250-300 K. For the measured values of 200 K outside the range defined by the calibration targets, like those for some of the channels in Fig. 2 , the calibration accuracy is not expected to be worse than 1.5 K. The standard deviation of the retrieval of PW corresponding to the accuracy of the radiometric measurements can be estimated from (5) , shown at the bottom of the page, based on (1) This would occur when PW 0.6 g/cm , or when surface emissivity is relatively large (e.g., 0.85). The negative bias of the 150 GHz measurements mentioned in the previous section would affect the estimation of PW. Because the temperatures of the cold and hot calibration targets were maintained at about 250 K and 328 K during the aircraft flight, this bias was not likely to be much more than 2-3 K in the observed brightness temperature range of 180-240 K. To see how this bias would impact the estimated P,W values, we added 2 K uniformly to the measured 150 GHz 's and repeated the above retrieval process. It was found that the estimated PW values were generally lower compared to the previously retrieved ones. This could be qualitatively observed from data displayed in Fig. 5(a) . Increasing (150) alone would shift data points to the right and make (183.3 7) less negative. Lower PW values would be obtained as a consequence. The associated s were lower or higher than before, depending on whether was negative or positive, i.e., the added bias increased the surface emissivity at 150 GHz and reduced PW estimation at the same time. For example, at 2050 UTC near Barrow, the newly estimated PW values were about 0.007 g/cm lower than the previously estimated ones, which were closer to that derived from the rawinsonde data. Similar results were obtained at around 2304 UTC near the location of the SHEBA camp.
(5) When the atmosphere is relatively dry, the asymmetry in the shape of the 183.3 GHz absorption about the peak frequency becomes more conspicuous. In the development of the retrieval algorithms in the previous sections, it is necessary to take into account the double side-band nature of the radiometric measurements for the 183.3 GHz channels because of this asymmetry. To see the magnitude of errors that the retrievals might introduce if the double side-band radiometric measurements are not accounted for, we have reformulated algorithms with single side-band radiative transfer calculations. The PW values estimated from these new algorithms are compared with those retrieved from the double side-band algorithm in Fig. 11(a) and (b) for frequency groups I and II. Here, the single side-band results are plotted along the vertical axis and the double side-band ones, along the horizontal axis. Open circles stand for the lower side-band data, and signs for the upper side-band data. Clearly, the differences between the single side-band and the double side-band results could be substantial. The errors in estimating PW by single side-band algorithms could range from about 0.06 g/cm to 0.09 g/cm , depending on the magnitude of PW. The lower side-band algorithm gives an overestimation of PW, while the upper side-band one, an underestimation of PW. These results apply to both frequency groups.
It was stated in Section IV that imprecise knowledge of surface temperature is not critical in estimating PW with this algorithm. This is demonstrated in Fig. 12 , where the PW values are given along the horizontal axis. Again, the illustration is made for both frequency groups in plots (A) and (B). Open circles are the results using algorithm with radiative transfer calculations, while the + signs are those using algorithm with 5 radiative transfer calculations. It is clear that the 5 K changes in would introduce about 0.01 to 0.02 g/cm differences in the estimation of PW over the entire PW range of 0.6 g/cm . This is small compared to the errors of PW estimation caused by the uncertainty of the MIR radiometric measurements discussed above. Thus, an imprecise knowledge of surface temperature would not have a major impact on the development of retrieval algorithm of this kind. However, PW is the only parameter that can be retrieved with reliability in this approach.
To obtain values of surface emissivity besides PW, and thereby study properties of snow cover and sea ice at these frequencies, simultaneously accurate measurements of surface temperatures are required.
VI. CONCLUSION
Radiometric measurements made by the MIR onboard the NASA ER-2 aircraft over the arctic region on May 20, 1998 were used to estimate the precipitable water PW along the aircraft flight path. The algorithm developed by Miao [1] for estimation of PW from the SSM/T-2 measurements over the Antarctica was adjusted for the Arctic environment and applied to the airborne radiometric measurements. The adjustment to formulation of the algorithm was made in the radiative transfer calculations, using four months of rawinsonde data (March-June 1998) acquired from Barrow and SHEBA camp. The original algorithm of Miao [1] used the 150, 183.3 3, and 183. 3 7 GHz channels of the SSM/T-2 to estimate the PW values up to about 0.7 g/cm , and it was necessary to assume a frequency-independent surface emissivity in this frequency range. MIR had an additional channel of measurements at 220 GHz and could thus provide data for studying the frequency dependence of surface emissivity. It was found that the assumption of a frequency-independent surface emissivity often could not arrive at the estimation of PW values consistent with the MIR measurements over the entire frequency range of 150-220 GHz. A provision was therefore allowed in the algorithm for a surface emissivity that was linearly dependent on frequency over the frequency range of 150-220 GHz. The PW values retrieved from this new algorithm were consistent with the MIR measurements over the above frequency range. The estimated PW values also compared favorably with those derived from rawinsonde data at Barrow ( 0.4 g/cm ) and SHEBA camp ( 0.6 g/cm ).
Several factors relevant to probable errors of estimating PW from the MIR measurements were discussed in the paper. First, for the observed brightness temperature range of about 190-260 K over Barrow and the SHEBA camp, the accuracy of the MIR radiometric measurements was about 1.5 K. The uncertainty corresponding to this measurement accuracy ranged from 8% to 13% of the estimated values of PW. There was a possible negative bias in the measured values at 150 GHz, and this might be the cause of the retrieved PWs being slightly higher than those calculated from the nearly concurrent rawinsonde data. The errors associated with imprecise knowledge of surface temperatures were found to be small. A 5 K change in surface temperature caused a shift of 0.02 g/cm in the estimated PW values. Finally, it was shown that the double side-band measurements in the 183.3 GHz channels need to be taken into account in the formulation of retrieval algorithms, as the absorption coefficients around the 183.3 GHz peak absorption are highly asymmetric in a dry atmosphere. Omission of this procedure could introduce errors of 0.05-0.10 g/cm in PW estimation.
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